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Abstract We modeled conventional two-

dimensional drying of radiata pine (Pinus radiata) 
wood using the concept of effective diffusion extend-
ed to overall drying process. Effective diffusion coef-
ficients were determined experimentally on the 
transversal plane and depended exponentially on the 
moisture content. These coefficients were character-
ized by two parameters determined through optimi-
zation within the context of an inverse problem. Spa-
tially variable convection coefficients were deter-
mined in the same manner. Experiments using con-
stant drying 44/36 (ºC/ºC) were carried out in order 
to determine transitory spatial distributions of mois-
ture and drying curves, which were then used to de-
termine and validate the model parameters. The 
mathematical model consisted of a partial, non-
lineal, differential equation of the second order, was 
characterized by coefficients that varied exponential-
ly with moisture content, integrated numerically 
through the finite volume method. Results of two-
dimensional simulations for isothermal drying of 
radiata pine timber, correlated with experimental 
data, are shown: a) Transitory distribution of mois-
ture gradients, b) drying curves and c) parameter of 
mathematical model (effective diffusion and mass 
convection coefficients). 
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I. INTRODUCTION 
Wood is a particularly non-homogeneous biomaterial 
with a porous anisotropic structure. For purposes of 
flow transport, wood is often described in terms of its 
properties (diffusiveness, permeability, porosity, etc.). It 
is taken to be a continuous, homogeneous material. 
However, the properties of wood differ markedly ac-
cording to the spatial direction (radial, tangential, longi-
tudinal) in which it is observed: known orthotropic be-
havior of wood (Siau, 1984). Moreover, there is a pref-
erential drying direction for moisture transport, normal-
ly towards the surface exposed to the drying environ-
ment and, therefore, relied on one-dimensional model-
ing. Nevertheless, depending on how the wood is placed 
in the dryer, could result in one or more preferential di-
rections, like discussed in Pang (1996) for relevant two-
dimensional transversal transport in drying processes. 

Modeling the moisture transport within wood can be 
done with classic diffusive models such as those sug-
gested by Stamm (1964) or Siau (1984); those based on 
the thermodynamics of irreversible processes, as estab-
lished by Luikov (1966); and those developed from 
Whitaker’s multiphase approach (Whitaker, 1977). 

In one dimensional models: Plumb et al. (1985) and 
Nasrallah and Perré (1988) have used the Whitaker fo-
cus. Furthermore, Jen and Chen (1991) applied a more 
analytical methodology following the Luikov formula-
tion. In two-dimensional drying modeling: Cloutier and 
Fortin (1991, 1993) and Perré et al. (1993) used the 
moisture potential concept of Luikov’s approach, 
whereas Turner (1996) used a model in accordance with 
Whitaker’s proposition and incorporated aspects associ-
ated with deformation during drying. Works of three-
dimensional drying simulations of wood had been 
performed according to Withaker`s jobs by Perré and 
Turner (1999) and using the approximation of Luikov 
by Younsi et al. (2006). 

The properties characterizing the transport of 
moisture have been determined (Siau, 1995; Tremblay 
et al., 2000; Nabhani et al., 2003). 

This study deals with diffusive models, traditionally 
used for simulating the drying of conifer and broadleaf 
wood below the fiber saturation point (FSP). Diffusive 
transport is the dominant mechanism in this drying 
range (Smith and Langrish, 2008; Hukka, 1999; Pang, 
1997), but above the FSP, diffusive models are hindered 
by other dominant transport phenomena such as capil-
larity and permeability (Keey et al., 2000). By the way, 
the researchers have formulated models that made dif-
ference above and below FSP like the one proposed by 
Davis et al. (2002). Nonetheless, diffusive models can 
be used beyond the hygroscopic range by obtaining an 
effective diffusion coefficient (EDC) for water as gen-
erally done for porous materials (Simpson and Liu, 
1997; Hukka, 1999; Chen, 2007), and applying it to the 
simulation of drying kinetics over the entire moisture 
range of conifer woods (Rozas et al., 2009). Other stud-
ies have explored the determination of diffusive coeffi-
cients using two experimental methods solved through 
the finite difference method (Droin et al., 1988) or ap-
plied to the case of one-dimensional transport in radiata 
pine (Gatica et al., 2011), the approach taken by the 
present authors. 
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In numerical terms, the finite volume method 
(Patankar, 1980) was implemented in order to integrate 
the two-dimensional diffusive transport equation. A 
central difference was used for the second-order deriva-
tives and an implicit Euler scheme for the advances in 
time. 

The parameters that ultimately determined the rela-
tionship between moisture content and moisture flow 
were calculated by solving the following inverse prob-
lem: Given a known drying curve and known moisture 
distributions, we determined the EDCs that resulted in 
the lowest differences between the experimental and 
simulated moisture distributions. Moreover, due to the 
marked differences in convection levels at the 
wood/drying interface (Davis and Moore, 1982), we es-
tablished an adequate distribution of the mass convec-
tion coefficient value at this interface. Other authors 
have also sought out diffusive and convective coeffi-
cients by solving an inverse problem, like presented by 
Jen and Chen (1991) who resolved an inverse mass 
transport problem using the finite difference method. 

The objective of this work is to model the two-
dimensional drying of radiata pine considering the en-
tire moisture range (under and above the FSP) and using 
the extended concept of EDC, proposed by Comstock 
(1963). The EDC was used for two-dimensional model-
ing on the transversal plane of Pinus radiata (D. Don) 
wood. Previous experiments allowed us to use transitory 
distributions of moisture content gradients and drying 
curves, which are useful for determining properties and 
validating the proposed model. 

II. MATERIALS AND METHODS 
A. Description of the experiments 
Radiata pine wood was dried in a climate-controlled 
chamber for convective drying at a low temperature: 
Average transversal air flow of 1.6 m/s and dry and wet 
bulb temperatures of 44 and 36 °C, respectively. For the 
experiment, seven wood blocks (P1 to P7; 40x40x300 
mm) were cut transversally (radial and tangential plane). 
The samples were selected of a twenty-year old radiata 
pine, tree growing in the Bio-Bio region in the south of 
Chile, according to Chilean norms for testing and pro-
cedure to determine moisture content (INN, 1984 and 
1986). To favor a two-dimensional flow, the transversal 
cuts at each end of the blocks were sealed with silicon 
and aluminum foil. 

We performed two experiments (see Fig. 1). In the 
first, four blocks of wood (P1 to P4) were subjected to 
the drying process. Block P1 was connected to a scale 
(A&D model DF4000 with accuracy 0.1 g and measure 
error± 0.1 g) and its variations in weight were measured 
continuously. This block was dried for 24 hours in a 
Memmert Oven conditioned with dry air at 103 ºC to 
determine its dry (anhydrous) mass, which was then 
used to calculate the water mass (M) according to Eq. 
(1). Block P3 was also used for discreet records of tran-
sitory moisture values, providing a counter-sample for 
the continuous evaluation. 

 

 

(b)

 
Figure 1. Diagram of first experiment: a) layout of blocks, b) 
view of the set-up inside the climate chamber. 

We used these data to obtain an experimental drying 
curve and to select the drying times at which spatial 
moisture distributions would be determined (four drying 
times were selected). Blocks P2 and P4 were used to 
monitor the temperatures inside the wood using T-type 
thermocouples and an acquisition system (Fluke, Hydra 
II model, accuracy ± 0.5 ºC). Both the A&D scale and 
the Hydra II were connected to a computer, where the 
respective data were stored (see Fig. 2). 

m d d

d

m m MC m
MC 100   ;   M

m 100

  
   
 

 (1) 

where MC (%) is the moisture content, mm (kg) is the 
wet mass, md (kg) is the anhydrous mass, and M (kg) is 
the water mass. 

The second experiment consisted of subjecting the 
three remaining blocks (P5 to P7) to the same drying 
conditions. Block P5 was used to measure the average 
water mass and was monitored constantly on a scale, 
whereas blocks P6 and P7 were used to take transitory 
samples of two-dimensional moisture content distribu-
tions at the four times determined in the earlier experi-
ment. For this, blocks P6 and P7 were removed at the 
times indicated and cut transversally (destructive sample  
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Figure 2. Boeco balance used to determine the mass of each 
section obtained from blocks P6 and P7. 

evaluation) to one quarter their length (75 mm). The 
sides exposed by the cut were sealed, what remained of 
the blocks was returned to the chamber, and the drying 
process continued. The sample obtained was subdivided 
into 25 equal parts along its transversal cut. The mois-
ture content of each of these was determined based on 
its dry and wet weights using a Boeco balance (model 
BPB32, Accuracy 1 mg with measure error ± 0.05 %), 
shown in the Fig. 2. 

This process was repeated for the three remaining 
quarters of block P6 at the previously selected drying 
times. Block P7 acted as a counter-sample for block P6. 

B. Coefficient determination 
After an exploratory study with two types function to 
describe distributions of EDC inside of wood during 
drying process: potential and exponential type function 
suggested by Pang (1996) and Hukka (1999), respec-
tively, the  latter was selected because it presented better 
results. When it is applied to the case of isothermal dry-
ing, this coefficient can be described by the following 
expression: 

  D(M) exp *M     (2) 

m

d

d

d

m
where  M min , FSP

m

            FSP 0.603 0.001*T   (Bramhall, 1979)

            T   dry bulb temperature (K)

 
  

 
 



 

This required the determination of two parameters: α 
and . 
 The mass convection coefficient S (m2/s) is a func-
tion of the type and form of the interface and the proper-
ties of the wood and the drying environment. However, 
constant values that represent a spatial and temporal 
measurement of this coefficient are commonly assumed. 
Consequently, the two-dimensional phenomenon is best 
represented by four convective coefficient distributions, 
Sw, Se, Ss, and Sn, one for each characteristic surface, as 
shown in Fig. 3. This kind of distribution was per-
formed after exploratory evaluation and according with 
the reported in the literature by Davis and Moore (1982) 
or more recently by Yang and Fu (2001). 

 
Figure 3. Scheme of transversal section where cross flow is 
represent by arrow and symbol V, the boundary of wood by 
thick line and the distribution of mass convection coefficient 
(S) with thin line. 

We determined parameters α and β, which define the 
EDC in function of M, and the mass convection coeffi-
cients S (Sw, Se, Ss, and Sn) by solving the following in-
verse problem: Given a known spatial moisture distribu-
tion at certain points along the drying curve, we calcu-
lated the parameters α, , and S in order to obtain a min-
imal difference between the experimental and simulated 
moisture distributions. 

We performed an extensive search for these parame-
ters, selecting those that presented a minimum differ-
ence between the experimental and simulated data (see 
Fig. 4). This difference was determined from the follow-
ing error function: 

 
n

Sim Exp

i 1 Exp

M M1
Error abs

n M

 
   

 
                     (3) 

procedure Determine α,  and S 
Initial Guess 
Mesh Generation 
min < α < max 
min <  < max 
min < S < max 
for S ← Smin to Smax do 

for S ← βmin to βmax do 
for α ← αmin to αmax do 

Simulate with α,  and S 
Calculate error 
if error < errormin 

errormin = error 

Sopt = S 
αopt = α 
opt =  

end if 
end for 

end for 
end for 
α = α opt 

 = opt 
S = Sopt 

Simulate Diffusion Equation 

end procedure 
Figure 4. Search pseudocode: α,  and S. 
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Figure 5. Discretization scheme. 

III. MATHEMATICAL/NUMERICAL MODEL 
The mathematical model consists of a partial, differen-
tial, non-linear, second-order equation that describes the 
two-dimensional transitory diffusion of a water mass M 
(kgw). 

 M M M
D(M) D(M)

t x x y y

                 
  (4) 

where D(M) is the EDC (m2/s), a function of water mass 
M. 

The initial conditions for a domain of V with a con-
tour of  are as follows: 

0

s

M(t 0) M in  V  (Initial)

M
D S(M M )  in     (convection)

 


  
n

 (5) 

The numerical integration of this differential model 
was done using the finite volume method. For this, we 
considered the domain 0<(x,y)<L subdivided into 
N=ni*nj finite volumes Vij (i=1, ni; j=1,nj), representing 
the average value of the variable (MP) in the centroid 
and the values of M in the adjacent volumes: behind 
(MW), forward (ME), below (MS), and above (MN). The 
limits of the finite volume (FV) centered on P were 
identified by w, e, s, and n, respectively (see Fig. 5). 

By integrating Eq. (4) according to generic FV 
shown in the Fig. 5, evaluating the integrals of the tran-
sient term according to the mid-point rule and consider-
ing fundamental theorem of calculus, we have: 

            e w

n s

M M M
dxdy D D y

t x x

M M
                 D D x  

y y

                   
     

           

 (6) 

The derivatives of M in the central form and the tem-
poral derivative in the delayed form define an implicit 
Euler diagram: 

0
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e w
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n s
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t

M MM M
D y D y

x x
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y y


  


   

          
   

        

  (7) 

where M0 represents the value of M in the previous pe-
riod (known). 

Now by grouping terms, we can write the generic 
algebraic equation for an FV centered on the P node: 
 P P E E w W N N S S Pa M a M a M a M a M b      (8) 

where 

 

e w
t E W

e w

sn
N S

n s

P t W E N S
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D y D yx y
a ; a ; a ;

t x x

D xD x
a ; a

y y

a a a a a a

b a M

  
    

  


   

 

    



 

Thus, we can write N-2 (ni+nj-2) equations of type 
(8) (one for each internal volume). Two (ni+nj-2) were 
eliminated because the volumes of the ends are special 
(not generic), since they must incorporate the contour 
conditions of convection. In particular, for a contour 
that coincides with e in x=L, the convection condition 
described by Eq. (5), defines a mass flow (qm) of: 

              m e
e

M
q D S M M

x 

     
 (9) 

The value of the variable at end e (Me) is determined 
by linear extrapolation based on the values of M in P 
and W. That is: 

 e e
e P W

w w

x x
M M 1 M

2 x 2 x

  
     

              (10) 

By incorporating these definitions in Eq. (6) and 
grouping the terms to take them to the form of Eq. (8): 
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w w
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N S t
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S x y D y
a

2 x x

x
a a a a a a S y 1

2 x

b a M SM y

a  ; a  ; a   as defined in the generic equation 




   
     

 
         
  

 

Expressions for contours located at x=0, y=0, and 
y=L can be obtained similarly. 

Thus, we obtained a dominant penta-diagonal alge-
braic equation system of NxN, which is solved repeti-
tively through the Gauss Saidel method (Lapidus and 
Pinder, 1982). The solutions report spatial moisture dis-
tributions. 

IV. RESULTS 
Radiata pine wood showed a classical experimental dry-
ing curve, with three drying ranges: constant drying to 
the critical moisture content (CMC), estimated around 
65% herein; a marked decrease in drying to the fiber 
saturation point (FSP); and highly attenuated drying af-
ter this. 

The moisture distributions had a marked parabolic 
shape, and the highly pronounced paraboloids at the be-
ginning of the drying process diminished heavily to-
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wards the end. These moisture distributions also showed 
marked asymmetry, indicating that the emission of sur-
face moisture by convection was non-uniform. This 
emission is function of interface wood/drying environ-
ment, fluid and fluid flow of wet air. The last two as-
pects are responsible for mentioned asymmetry, like re-
ported by Davis and Moore (1982). 

Given the previous observations, we postulate that 
the mass convective coefficient values differ according 
to the surface contour: those parallel to the direction of 
the main flow are linear in distribution and normal con-
tours are parabolic (see Fig. 3). Since all the moisture 
distributions were parabolic, we represented all the stud-
ied moisture ranges with only one EDC function, which 
is given by Eq. (2). Table 1 shows the parameters α,  
and S, as determined for the studied transversal direc-
tion. The values reported for S are similar to those pub-
lished Siau (1984) and Pang (1996). Likewise, the val-
ues of D for M around the FSP, shown in Figure 6, are 
comparable to those published by Davis et al. (2002) 
and Gatica et al. (2011) for radiata pine and Rozas et al. 
(2009) for slash pine (Pinus elliottii). 

Table 1. EDC parameters α, , and S. 
D S*106 (m2/s) 

Α  Sw Se Ss Sn

-21.05 18.50- 0.326 0.186 0.836 3.77 

MC (%)

D
(m

2
/s

)
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Figure 6. Comparative EDC for M<FSP. 

Time (h)

M
C

(%
)

0 12 24 36 48
10

20

30

40

50

60

70

80

90

100

110

120

Experimental
Simulated

 
Figure 7. Drying curves. 
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Figure 8. Average moisture distributions: a) along the x-axis, 
b) along the y-axis. 

Figure 7 shows the experimental and numerical re-
sults of the drying curves, revealing that the simulated 
drying curve approaches the orderly dispersion of the 
experimental data obtained while continuously monitor-
ing the weight of block P5 (differences below 5%). 

Figures 8 show the average experimental and simulat-
ed spatial moisture distributions along the x and y direc-
tions after 6, 20, 30, and 40 h of drying. The distribution 
of the experimental data, which usually appear as para-
bolic distributions in simulations, were somewhat disor-
ganized. The average differences were minimal (less 
than 0.1%) due to the search algorithm of the EDC 
function, which minimized said differences. However, 
maximum local differences reached around 10%. 

Figure 9 is a three-dimensional representation of the 
discreet experimental values of the experimental mois-
ture content for the different characteristic drying times 
(6, 20, 30, and 40 h) as opposed to a continuous repre-
sentation of simulated values. This figure shows a high-
ly variable distribution of the moisture content in time 
and space. 
 

(a) 

(b) 
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Figure 9. Experimental (discreet) and simulated (surface) 
moisture distributions for t= 6, 20, 30, and 40 (h). 

Finally, Fig. 10 shows in detail the transitory non-
uniform behavior of moisture distributions through 
moisture content isolines. We can observe: a) the transi-
tory evolution of the maximum moisture content mov-
ing from the center towards the bottom right side (lower 
evaporation border), b) the accelerated drying of the up-
per and lower attack borders, and c) the marked asym-
metry in drying between the upper and lower surface: 
attack and evaporation borders, respectively. 

The latter justifies the non-uniform determination of 
S, differentiated according to contour orientation and 
position as diagrammed in Fig. 3. 

V. CONCLUSIONS 
The model presented herein allows us to simulate con-
ventional, isothermal, two-dimensional drying of radiata 
pine wood based on the EDC. 

In qualitative terms, the model satisfactorily simu-
lated transitory non-homogenous distributions of mois-
ture content. 

Average moisture content values presented minimal 
deviations from the experimental data due to the EDC 
search methodology, which minimized the difference 
between experimental and numerical data. 
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Figure 10. Isolines of moisture content: a) t=6 h, b) t=10 h, c) t=20 h, d) t=30 h. 
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The extensive search for the model parameters (α,  
and S) resulted in highly effective simulations of the 
drying curve and the distribution of moisture content 
within the wood. 

Considering variable and differentiated S values per 
contour type was a very effective strategy for modeling 
the high asymmetry of simulated two-dimensional dry-
ing. 

Differentiating the EDC functions over and above 
the CMC, as done by Gatica et al. (2011), could signifi-
cantly improve the proposed two-dimensional simula-
tion, especially if the moisture range must be extended 
to include the green state. 

NOMENCLATURE 
P  Sample 
E  Experiment  
MC Moisture Content (%) 
M  Water mass (kg). 
D   Effective diffusion coefficient (m2/s) 
α,   Effective Diffusion Constants 
FSP  Fiber Saturation Point (Mm/Md) 
T   Temperature (K) 
Error  Average error 
t   Time (s) 
x, y Spatial co-ordinate (m) 
L   Total length (m)  
CMC  Critical Moisture Content (%) 
S   Convection coefficient (m/s) 
a   Matrix coefficient 
b   Vector coefficient 
m   Mass (kg) 
q  Mass flow (kg/m2) 
EDC Effective Diffusion Coefficient 
M   Mass ratio 

g  Gravity (m/s2) 
n  Normal direction 
   Boundary 
V  Domain 
i, j  Knot 

x y ,  Mesh size 

Subscripts 
m   Moist 
d   Dry 
Sim  Simulated 
Exp  Experimental 
P   Finite volume center 
W  Adjacent west finite volume center 
E  Adjacent East finite volume center 
N  Adjacent North finite volume center 
S  Adjacent South finite volume center 
w   Adjacent West boundary 
e   Adjacent East boundary 
n  Adjacent North boundary 
s  Adjacent South boundary 
i,j   knot 
s   Surface 
∞  Environment 
0  Initial 

min  Minimum 
max  Maximum 
opt  Optimum 
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